[1] The transient response of convection electric fields in the inner magnetosphere to southward turning of the interplanetary magnetic field (IMF) is investigated using in-situ electric field observations by the CRRES and Akebono spacecraft. Electric fields earthward of the inner edge of the electron plasma sheet show quick responses simultaneously with change in ionospheric electric fields, which indicates the arrival of the first signal related to southward turning. A coordinated observation of the electric field by the CRRES and Akebono spacecraft separated by 5 R E reveals a simultaneous increase in the dawn-dusk electric field in a wide region of the inner magnetosphere. A quick response associated with the southward turning of the IMF is also identified in in-situ magnetic fields. It indicates that the southward turning of the IMF initiates simultaneous (less than 1 min) enhancements of ionospheric electric fields, convection electric fields in the inner magnetosphere, and the ring or tail current and region 2 FACs. In contrast, a quick response of convection electric fields is not identified in the electron plasma sheet. A statistical study using 161 events of IMF orientation change in 1991 confirms a prompt response within 5 min for 80% of events earthward of the electron plasma sheet, while a large time lag of more than 30 min is identified in electric fields in the electron plasma sheet. The remarkable difference in the response of electric fields indicates that electric fields in the electron plasma sheet are weakened by high conductance in the magnetically conjugated auroral ionosphere.
Introduction
[2] The response of convection electric fields to change in interplanetary magnetic field (IMF) orientations is an important issue in transmission paths of electromagnetic energy supplied from the solar wind toward the magnetosphere-ionosphere system. It is essential for understanding an establishment process of a steady-state convection pattern in the magnetosphere and ionosphere. Numerous studies have been conducted to describe the spatial and temporal variations in ionospheric convection. Khan and Cowley [1999] investigated response times of ionospheric electric fields to IMF variations. Electric fields around noon quickly responded 3 ± 2 min after signals of the IMF B z reached the ionosphere. It indicates that the first signal propagated into the dayside ionosphere immediately enhances convection electric fields.
[3] Although whether the electric field around noon is instantaneously transmitted in the entire ionosphere or a finite time lag is required for propagation toward other local times is still in debate [Ridley et al., 1999; Lockwood and Cowley, 1999] , the onset of convection electric fields is considered to occur throughout the earth's ionosphere simultaneously. The first indication of quick transmission was investigated by taking correlations between the IMF and ground magnetic field measured in the polar region and at the dip equator. Nishida [1968] identified that geomagnetic disturbances in the polar region related to two-cell ionospheric currents (DP 2) [Obayashi, 1967] were excited with a 7 ± 1 min delay after arrivals of IMF variations at the bow shock, and a 9 ± 5 min delay at the dip equator. Considering a propagation delay of 5 -15 min from the bow shock toward the magnetopause and following field-aligned propagations as Alfvén waves, the DP 2 current system responds to IMF variations without a significant time lag. The quick response was further investigated using a high time resolution data of 10 s [Kikuchi et al., 1996] . A cross correlation analysis of DP 2 fluctuation measured both at a high latitude and at the dip equator revealed a high correlation coefficient of 0.9 with a small time lag of 25 s.
[4] A small time lag is also confirmed by studies of global convection patterns using the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) technique [Ridley et al., 1998; Lu et al., 2002] , SuperDARN radars [Ruohoniemi and Greenwald, 1998 ] and ground magnetometers [Hashimoto et al., 2002] . Ruohoniemi and Greenwald [1998] demonstrated that the plasma motion in the polar ionosphere responded within the time resolution (i.e., 2 min) without a time lag between the dayside and nightside. Ridley et al. [1998] conducted a statistical study of the evolution of the convection pattern using 65 events of southward turning of the IMF. The reconfiguration of the convection pattern started about 8.4 ± 8.2 min after the southward IMF reached the magnetopause without any propagation of the changes in enhanced flow regions in the ionosphere. When accounting for the propagation of Alfvén waves into the ionosphere ($3 min), the short time lag indicates a quick response of global ionospheric convection to the IMF variations. The quick initiation of ionospheric electric field enhancement can be explained theoretically by a two-stage model, which includes a quasi-instantaneous response of electric fields to the onset of magnetopause reconnection and slow propagation of the main pulse [Morley and Lockwood, 2006] . The initial response propagated almost instantaneously in the entire local time in the polar region, while the main pulse propagated in toward the nightside on a $12 min timescale.
[5] Assuming that convection electric fields are mapped along the magnetic field lines toward the inner magnetosphere, a quick response of electric fields in the inner magnetosphere of $1 min after the onset of ionospheric convection is expected. However, the quick response of electric fields has not been reported but a large time lag of 10-30 min is considered to be required until detections of the motion of the plasmapause after southward turning of the IMF. Goldstein et al. [2003] and Murakami et al. [2007] investigated the time lag between variations in electric fields in the inner magnetosphere tracing the E Â B motion of the plasmapause measured by the IMAGE satellite and the solar wind electric field measured by ACE propagated to the magnetopause. Although the electric field around the plasmapause followed the solar wind electric field well, a large time lag of 10-30 min was identified in response of the magnetospheric electric field. This time lag indicates that it took 10-30 min for transmission of the solar wind electric field toward the inner magnetosphere.
[6] The slow response in the inner magnetosphere is contrary to quick development of convection electric fields in the ionosphere. If a large time lag of 10-30 min really exists, it is necessary to investigate the process which prevents quick transmission of electric fields toward the inner magnetosphere. It should be noted, however, that the large time lag is possibly overestimated because it is determined on the basis of remote sensing of the plasmapause. It is difficult to measure tangential plasma flows with respect to the plasmapause. Moreover, it will take a finite time to detect the motion of the faint plasmapause more than the spatial resolution of the instrument.
[7] The quick response of magnetic fields was reported by Wing et al. [2002] . They investigated the response of magnetic fields at the geosynchronous altitude and identified a time delay of 4.5 min in the dayside and 11.7 min in the nightside. The short time delay in the dayside is interpreted as an increase in region 1 FACs within a few minutes after the arrival of southward turning of the IMF at the magnetopause. It indicates concurrent increases in convection electric fields associated with the region 1 FACs. The longer time delay in the nightside is possibly overlapped with perturbations by the tail current.
[8] Electric fields represent in-situ electric potential changes, compared to magnetic fields, which include effects by remote currents. In-situ measurements with a high time resolution are essential in determining a precise propagation delay of electric fields from the solar wind toward the magnetosphere. It is capable of determining the response of convection electric fields in the magnetosphere because direct measurements are free from integration along the line of sight. However, most of the studies of convection electric fields in the inner magnetosphere have not focused on transient responses depending on southward turning of the IMF but on quasi-steady states or long time variations (orbitby-orbit, more than a few hours) [Wygant et al., 1998, and references therein] . Convection electric fields play a major role in development of the ring current and motion of the plasmaspheric plasma. Response times of electric fields provide a key to clarifying the transmission path of electromagnetic energies from the solar wind into the inner magnetosphere and time evolution of convection electric fields.
[9] In the present study, response times of convection electric fields in the inner magnetosphere are determined employing in-situ measurements of electric fields by the CRRES spacecraft. A simultaneous measurement of convection electric fields at southward turning by the CRRES and Akebono spacecraft is presented in order to examine global coherence of the response of electric fields. Spatial dependence of response times in the inner magnetosphere is investigated by statistical analyses. The propagation path of electromagnetic energies toward the inner magnetosphere is discussed based on the results.
Data and Instrumentation
[10] The CRRES spacecraft was launched on 25 July 1990 and performed measurements until 9 October 1991. The perigee and apogee were 350 km and 6.3 R E with an inclination of 18.2°. The orbital period was 9.86 hours.
[11] The electric field instrument (EFI) measured electric fields using two orthogonal 100 m tip-to-tip antennas mounted in the spin plane, which was located approximately in the Y-Z plane in the geocentric solar ecliptic (GSE) coordinate system . The electric field data used in this study are given in the corotating frame of reference. The third component of the electric field (E x ) is calculated assuming E Á B = 0 when the magnetic field is inclined larger than 20°relative to the spin plane. Sunward offsets do not significantly affect CRRES measurements because the spin axis is approximately directed to the X GSE axis. Although cold plasma wakes are known to cause spurious electric fields, we have confirmed that the raw electric field data in the spacecraft coordinate can be fitted by a single sinusoidal function and spurious fields are negligible in the data shown in the present study. Errors in amplitudes, which come from uncertainties in the spacecraft attitude, are less than 0.1 mV/m.
[12] The magnetic field and low-energy particles were measured by the magnetic field instrument (MFI) , and low-energy plasma analyzer (LEPA) [Hardy et al., 1993] instruments. Magnetic field data are shown in solar magnetospheric (SM) coordinates so that it is easier to identify contributions of ring currents and FACs. The pressure of plasma sheet electrons is calculated by integrating the flux measured by the LEPA instrument in the energy range from 10 eV to 30 keV.
[13] The Akebono spacecraft was launched on 22 February 1989 into a quasi-polar orbit with an inclination of 75.1°, an orbital period of 3.53 hours, and an initial perigee and apogee of 274 and 10,500 km (2.6 R E ) [Oya and Tsuruda, 1990] . The spin axis is aligned with the Sun-Earth direction. The electric field instrument (EFD) measures magnetospheric electric fields in the spin plane by two sets of double probes [Hayakawa et al., 1990] . The tip-to-tip length of a pair of antennas is 60 m. Same as the usage of CRRES electric field data, the electric field data used in this study are given in the corotating frame of reference. The third component of the electric field (E x ) is calculated assuming E Á B = 0 when the magnetic field is inclined larger than 20°relative to the spin plane. The magnetic field instrument (MGF) measures magnetic fields using three orthogonal fluxgate magnetometers mounted at the edge of a 5 m boom [Fukunishi et al., 1990] . The time resolution of electric and magnetic field data is 8 s.
[14] Solar wind data are measured by the IMP-8 spacecraft. The perigee and apogee are 30.9 and 38.3 R E with an inclination of 31.6°. The orbital period is 12 days. Time resolutions of the magnetic field and plasma moment are 15 s and 1 min. The dynamic pressure is calculated by multiplying the density, mass and bulk flow velocity squared of protons.
[15] The solar wind data were used to identify arrivals of southward or northward turning around the time of the change in ionospheric DP 2 currents. Propagation times from the spacecraft location to the subsolar magnetopause were estimated using the Parker spiral and X-distance methods (see the work of Ridley et al. [1998] ). However, it is difficult to obtain the precise propagation time with a single-spacecraft solar wind observation. The simple approaches were used in the present study because time shifts are used as rough estimates of propagation times, although more sophisticated methods for estimation of solar-wind propagation lags exist [e.g., Weimer and King, 2008] . Propagation times estimated by the two methods can be significantly different when the spacecraft was located far from the Sun-Earth line. The solar wind data shown in Figures 3-6 were thus artificially shifted to match the times of IMF orientation change and onset of DP 2 currents, and the time shift was compared to the propagation times above two methods so that the time shift roughly matched the approaches mentioned above. The important point in the present study is the quick response of electric fields earthward of the electron plasma sheet concurrent with the change in ionospheric electric fields, and the response is associated with electromagnetic energies propagated into the magnetosphere-ionosphere coupled system initiated (terminated) by southward (northward) turning of the IMF.
[16] The SYM-H data are used as a measure of ring current activity. The SYM-H index is essentially the same as the Dst index, although it has a time resolution of 1-min [Iyemori, 1990] . Ground magnetometer data with 1-min time resolution provided by WDC for Geomagnetism, Kyoto were used to determine onset times of DP 2 currents.
Response of Convection Electric Fields in the Inner Magnetosphere
[17] Trajectories of the Akebono and CRRES spacecraft are shown in Figure 1 in SM coordinates. Trajectories are mapped onto the magnetic equatorial plane along the Tsyganenko and Stern [1996] (TS96) magnetic field lines. This field model is used in this paper because the sparse solar wind data measured by the IMP-8 spacecraft in 1991 does not allow using newer magnetic field models, which are more sophisticated but require time integration of solar wind parameters. The solar wind data required in the model were adopted from the IMP-8 spacecraft observations.
[18] The apogee of the CRRES spacecraft was located at dusk during the 9 July 1991 geomagnetic storm ( Figure 1a ). The Akebono spacecraft also traversed the duskside. These spacecraft measured electric fields in the duskside inner magnetosphere at southward turning of the IMF detected at [19] During the 21 March 1991 geomagnetic storm, the apogee of the CRRES spacecraft was located in the premidnight sector (Figure 1b ). The CRRES spacecraft was located at L = 6.9 and 21.8 MLT at 12 UT. The solar wind and magnetospheric electric field data are shown in Figure 6 .
Response in the Duskside (9 July 1991)
[20] Three sharp southward turning of the IMF indicated by arrows in Figure 2a were observed by the IMP-8 spacecraft on 9 July 1991. The IMP-8 spacecraft was located at (X, Y, Z) = (24, À18, 4) R E in geocentric solar magnetospheric (GSM) coordinates in the solar wind. The steady southward IMF following to the third southward turning led a major geomagnetic storm with a minimum SYM-H index of À216 nT. The CRRES spacecraft was located in the duskside inner magnetosphere and measured electromagnetic fields during three periods (A -C) indicated by horizontal lines shown in Figure 2c . The magnetic latitude was $À20°.
[21] Figure 3 shows the IMP-8 and CRRES data during the first two southward turning (time interval A). The solar wind data shown in Figures 3a and 3b were shifted by 124 s, according to the close relationship between the IMF orientation and DP 2 currents [Nishida, 1968] . Propagation times estimated by the X-distance and Parker spiral methods are 139 and À34 s. Although the IMF spiral angle (120°) is slightly different from the Parker spiral, it does not affect our results because the time shifts using the Parker spiral method serve as a rough estimate of the propagation time determined in this study. This time shift is close to the propagation delay estimated by the X-distance method. The time shift can also be validated by the coincidence of two southward turning and two onsets of the DP 2 currents indicated by the ground magnetometer data shown in Figure 3e as marked by the first and second vertical lines (see descriptions below).
[22] The magnetic field data measured by CRRES shown in Figure 3c was subtracted from the TS96 magnetic field model in a quiet time condition (P dyn = 1 nPa, IMF B z = 0 nT, IMF B y = 0 nT and SYM-H = 0 nT). Only the dawn-dusk electric field in GSE coordinates mapped onto the magnetic equatorial plane is shown in Figure 3d since the spin-axis component of the electric field (E x ) is not available because of small angles between the magnetic field and spin plane. In order to remove wave activities with periods of 5 min, 7.5-min median filtered data are added in Figure 3d as a thick solid line.
[23] Associated with both of the southward turning of the IMF, the CRRES spacecraft measured quick responses of dawn-dusk electric fields within 1 min after southward turning of the IMF. The electric fields sharply increased from the zero level to $0.5 mV/m at 2:59 UT associated with southward turning. Another increase seems to be identified at 3:17 UT. The electric field further increased to $2 mV/m simultaneously with the second southward turning of the IMF measured at 3:17 UT. The electric field gradually decreased after northward turning of the IMF and became smaller than amplitudes of fluctuating components 10 min after northward turning.
[24] The quick response is also identified in the ambient magnetic field shown in Figure 3c . The Z component of the magnetic field began to decrease depending on southward turning of the IMF, indicating a quick response of the ring or tail current. The eastward component also decreased soon after southward turning of the IMF. The westward deviation of the magnetic field in the southern hemisphere indicates a quick enhancement of the region 2 field-aligned current (FAC). The convection electric field quickly responded to southward turning of the IMF accelerates ring current particles, and the enhanced plasma pressure leads to the prompt increase in the region 2 FAC intensity.
[25] The ground magnetic field measured at Anchorage at the subauroral latitude in the dusk (Figure 3e) , also began to increase within 1 min after southward turning of the IMF. The increase in the ground magnetic field reflects a prompt enhancement of ionospheric convection electric fields which are related to the DP 2 current system, as has been reported [e.g., Hashimoto et al., 2002] . These results indicate that southward turning of the IMF initiates simultaneous (less than 1 min) enhancements of the ionospheric electric field, convection electric field in the inner magnetosphere, and the magnetospheric current system. The quick response of convection electric fields in the inner magnetosphere can be interpreted as quick transmission of electromagnetic energies supplied depending on southward turning of the IMF into the inner magnetosphere without a significant time lag.
[26] The quick response of convection electric fields in the inner magnetosphere is confirmed by multipoint observations. Figure 4 presents electric fields simultaneously observed by the CRRES and Akebono spacecraft during the time interval B including the third southward turning shown in Figure 2 . Locations of each spacecraft at 6 UT are marked by solid dots shown in Figure 1a . The CRRES and Akebono spacecraft were separated by $5 R E in the duskside. The Akebono observation was terminated at 6:03 UT. A time shift of the solar wind of 124 s same as in Figure 3 is used. This time shift seems to be appropriate since it is within 1 min before abrupt changes in magnetic fields in the magnetosphere and on the ground and it can be considered as the driver of the geomagnetic disturbances described below.
[27] A step-like increase in the dynamic pressure of the solar wind (Figure 4b ) triggered a sudden commencement identified as a step-like increase in magnetic fields in the inner magnetosphere detected at 5:54 UT indicated by the first vertical line (Figures 4c and 4e) . Negative excursions in the dawn-dusk electric field (Figures 4d and 4f ) are associated with the inductive electric field in the wavefront of the compressional wave propagating tailward. The compressional wave continued propagating and measured as the main impulse at Kakioka 2 min later as marked by the second vertical line. The increase in the ground magnetic field is also caused by the onset of the DP 2-like current system [Araki, 1994] . The current system is associated with an enhancement of the convection electric field in the ionosphere. The electric field intensifies the eastward Hall current which increases the horizontal magnetic field at low latitudes in the duskside.
[28] The onset of the main impulse on the ground was simultaneous with enhancements of the dawn-dusk convection electric field in the inner magnetosphere (Figures 4d and  4f ). Both the Akebono and CRRES spacecraft measured an abrupt increase in the dawn-dusk electric field, which corresponded to the convection electric field developing the geomagnetic storm. The simultaneous response of the ground and the spacecraft separated by $5 R E indicates the global coherent response of convection electric fields in the ionosphere-magnetosphere system.
[29] The dawn-dusk electric field measured by CRRES fluctuated with a period of $10 min, roughly concurrently with the ground magnetic field. It indicates the quick transmission of the electric field related to the DP 2 oscillation in the ionosphere into the inner magnetosphere. The eastward and Z components of the magnetic field in the inner magnetosphere measured by CRRES (Figure 4e ) rapidly decreased soon after the increase in the electric field. The depletion in Z is associated with the ring current during the main phase of the geomagnetic storm, and the westward perturbation of the magnetic field corresponds to enhancement of the region 2 FAC, reflecting the prompt increase in the plasma pressure. This result suggests that the convection electric field immediately transports and accelerates the ring current particles, combined with magnetic drifts.
[30] As demonstrated above, the time lag between IMF orientation change and response of electric fields can be determined uniquely even with multiple southward turning of the IMF by comparing the duration of the southward or northward IMF before and after orientation changes. It can be considered that electromagnetic energies generated by the solar wind-magnetosphere dynamo follow the same transmission path and speed, because the distribution of the Alfven speed (plasma density and magnetic field) does not change significantly within $30 min. Successive IMF orientation change thus results in variation of electric fields in the inner magnetosphere with similar time series.
Spatial Dependence (9 July 1991)
[31] The IMF B z was directed southward during 12:30 -16:00 UT on 9 July 1991, the time interval C shown in Figure 2 . The SYM-H index stayed at $À200 nT. The CRRES spacecraft was moving outward in the postnoon to dusk sector, as shown in Figure 1a . The relatively steady southward IMF before a sudden change in the IMF B z at 15:11 UT allows interpreting the CRRES observations as a quasi-spatial structure in the dusk sector. A time shift of the solar wind of 124 s same as in Figure 3 .
[32] The CRRES data during this period are shown in Figure 5 . The IMF B z was almost constant until 15:11 UT marked by the third vertical line. The dawn-dusk electric field shown in Figure 5d was enhanced between 3 and 6 R E and abruptly dropped to the corotation level after 14:52 UT. The convection electric field was negligibly small at 14:50 -15:11 UT, in spite of a large southward IMF of $À12 nT. The spin-axis component of the electric field (E x ) is not available because of small angles between the magnetic field and spin plane.
[33] The outer boundary of the intense electric field was clearly associated with transitions of magnetic fields and particles. The electron energy spectrum ( Figure 5 ) detected the inner edge of the electron plasma sheet at the same location as the outer edge of the enhanced electric field. The electric field was confined earthward of the electron plasma sheet, while the electric field was weak in the electron plasma sheet even during the large southward IMF. The Z SM component of the magnetic field ( Figure 5 ) decreased strongly at the same L-shell range of the enhanced electric field. The eastward component of the magnetic field (B east ) had a negative radial gradient at the enhanced electric fields and a positive radial gradient in the electron plasma sheet close to its inner edge. Considering the observation performed in the southern hemisphere of $15°magnetic latitude (MLAT), the large depletion of B z and negative gradient of B east correspond to the ring current and the region 2 FAC connected to the divergence of the ring current flowing perpendicular to the magnetic field, while the positive gradient of B east is a manifestation of the region 1 FAC.
[34] The inner edge of the electron plasma sheet was colocated with a sharp density gradient, which probably corresponds to the outer plasma pause (OPP) (Figure 5 ). While the inner plasmapause (IPP) was identified at $3 R E , a high electron density of some tens of cm À3 spread up to 6 R E and sharply decreased at the inner edge of the electron plasma sheet. The enhanced electron density has been called the outer plasmasphere [Horwitz et al., 1986] and possibly corresponds to the plume structure extending toward the postnoon sector because of the intense electric field penetrating into the plasmasphere.
[35] The potential drop of the enhanced electric field along the spacecraft trajectory was 76 kV. The Weimer 2005 model [Weimer, 2005] indicates that the polar cap potential difference was 164 kV, and the duskside cell had a potential of À88 kV. Thus most of the duskside potential is applied in a localized region of the inner magnetosphere. A large fraction of the convection electric field is confined earthward of the electron plasma sheet, and leads to accelerations of the ring current and the plasmasphere drainage plume. The difference in amplitude in and earthward of the electron plasma sheet indicates that convection electric fields had a different time evolution in these two regions.
Response in the Electron Plasma Sheet (21 March 1991)
[36] While the good correlation between the IMF B z and convection electric fields in the inner magnetosphere was revealed in the previous sections, it is not always identified even in the inner magnetosphere, particularly when the spacecraft is located in the nightside. Figure 6 shows the solar wind, electric field in the inner magnetosphere, and ground magnetometer data between 10:30 and 14:00 UT on 21 March 1991. The IMP-8 spacecraft was located at (X, Y, Z) = (14, À28, 4) R E at 11 UT. The data were shifted by À128 s. The time shift is in between the propagation times estimated by the X-distance and Parker spiral methods (113 and À356 s). Although it is difficult to determine the propagation time with an accuracy of $1 min, the large southward IMF can be considered as the driver of the variations of magnetic fields in the magnetosphere and on the ground described below.
[37] The CRRES spacecraft was located in the premidnight sector, in contrast to the previous events (Figure 1b) . The spacecraft was embedded in the electron plasma sheet with the electron pressure of more than 0.2 nPa (not shown). The IMF abruptly turned southward at 11:10 UT, and a large southward IMF lasted for 2 hours with a relatively steady dynamic pressure. The magnitude of the IMF B z is similar to the cases shown in Figures 3 and 5 . The ground magnetic field measured in Resolute Bay (Figure 6f ) began to increase depending on southward turning of the IMF. It indicates that the ionospheric convection electric field responded quickly to southward turning of the IMF.
[38] However, the electric field in the inner magnetosphere shown in Figures 6d and 6e did not respond quickly to southward turning of the IMF. It stayed close to the corotation electric field, and started to show a weak enhancement $10 min after southward turning of the IMF. Spike-like electric fields associated with particle injections became dominant, while the DC component of the electric field ($0.5 mV/m) was much smaller than the electric field in the dusk shown in Figures 3 -5 . While the IMF turned northward at 13:12 UT as indicated by the second vertical line, the electric field did not quickly decrease but presented spike-like electric fields. This signature is quite different from the duskside electric field, which responds quickly to the IMF orientation change and is dominated by the DC component.
[39] In contrast to the slow response of the electric field, the Z SM component of the magnetic field started to decrease concurrently with southward turning. The ring or tail current was enhanced depending on southward turning, while the convection electric field prevented reaching the premidnight inner magnetosphere. These differences in the response of electric fields indicate a presence of different types of the response of convection electric fields in the inner magnetosphere.
Statistical Study of the Response of Convection Electric Fields
[40] A statistical study of spatial dependence of the time delay between convection electric fields in the ionosphere and magnetosphere was performed using 161 events of southward and northward turning of the IMF measured by the IMP-8 spacecraft in the solar wind with simultaneous observations by the CRRES spacecraft in the inner magnetosphere. Time delays between IMF orientation changes and responses of electric fields in the inner magnetosphere were determined using the same approach shown in Figures 3-6 . There are ambiguities in the time delays if durations of southward or northward IMF are short. In order to identify a unique time delay in each case, the following condition was imposed to choose clear IMF orientation changes: Southward and northward turning of the IMF were identified as B z changes from positive to less than À2 nT and from negative to larger than 2 nT in the IMP-8 data in GSM coordinates, with durations of longer than 5 min. The lower limit of the duration of the IMF is set because it is difficult to identify the onset time of DP 2 current using 1-min time resolution data of ground magnetic fields if durations of southward or northward IMF are shorter than 5 min. Durations of the southward or northward IMF do not affect our results, because, even if the IMF changes the sign again before the response of electric fields is observed in the inner magnetosphere, the second signal will follow the same propagation path as the first signal and will be delayed with the same time lag. Sudden commencements were excluded by imposing a condition of a small variation in the dynamic pressure (dP dyn /dt < 0.5 nPa/min).
[41] In order to identify the time lag between variations in electric fields in the inner magnetosphere and orientation change in the IMF which satisfies the above conditions, we face a difficulty in determining the propagation time of the solar wind to the subsolar magnetopause and communication time from the magnetopause to the location of the CRRES spacecraft. In order to remove the uncertainty in the propagation time from our analysis, the onset time of ionospheric convection was considered as a reference time when electromagnetic energies in the solar wind propagated into the ionosphere. The onset of ionospheric convection was determined using ground magnetometer data as the onset of the DP 2 current system. The onset of the DP 2 current was defined as the first time when jdB/dtj ! 5 nT/5 min was satisfied in the auroral zone or polar cap. DT is defined as the time difference between onsets of DP 2 currents and electric fields measured by the CRRES spacecraft. The onset of convection electric fields was defined as the initial variation in the deflection of the electric field more than 0.2 mV/m followed by DC variations sustained for more than 5 min. The electron plasma sheet was defined as regions where the electron pressure in the energy range from 10 eV to 30 keV was larger than 0.2 nPa. The other region was regarded as the inner magnetosphere earthward of the electron plasma sheet.
[42] Figure 7 shows the spatial distribution of the time difference between onsets of electric fields in the ionosphere and magnetosphere (DT) in SM coordinates. The spacecraft locations were mapped onto the magnetic equatorial plane. Cases of southward and northward turning are shown in different colors. Figure 7a corresponds to the cases when the CRRES spacecraft was located earthward of the electron plasma sheet. Convection electric fields in the inner magnetosphere begin to develop within 5 min for 80% of events. No systematic time delay between the dayside and nightside is identified; the onset of the electric field occurs simultaneously in a wide region of the inner magnetosphere. Figure 7b shows the cases when the CRRES spacecraft was located in the electron plasma sheet. The onset of the convection electric field in the electron plasma sheet delays by more than 30 min or significant responses were not identified for 65% of events and more than 10 min for 78% of events. Quick responses less than 10 min were identified only for 21% of events. These results strongly indicate that the response of convection electric fields in the inner magnetosphere depends on the plasma regime: Electric fields respond quickly to IMF variations in the inner magnetosphere earthward of the electron plasma sheet, while a large time lag is required for electric fields in the electron plasma sheet to respond to IMF variations. Data shown in Figures 7a and 7b were measured within the geosynchronous altitude. Even at similar radial distances in the inner magnetosphere, the behavior of convection electric fields can be significantly different depending on the plasma environment in the inner magnetosphere. No significant difference of the time delay is identified in Figures 7a and 7b . It indicates that increase and decrease in energy input into the ionosphere-magnetosphere coupling system propagates the same speed.
[43] The remarkable difference can also be identified in amplitudes of electric fields. Figure 8 shows the relation between the dawn-dusk electric fields in the inner magnetosphere and solar wind electric fields (Àv sw Â B IMF , positive in the dawn-dusk direction). Maximum amplitude of electric fields is defined as the peak value after southward turning of the IMF. Thus the time delay identified in Figure 7 is taken into account. When the spacecraft is located earthward of the plasma sheet (Figure 7a ), the electric field is well correlated with magnitudes of the solar wind electric field. In contrast, electric fields in the electron plasma sheet are significantly weaker (Figure 7b ). No obvious correlation is identified particularly for solar wind electric fields of less than 10 mV/m.
Discussion and Conclusion
[44] The results shown in the present analysis lead to a conclusion that the response of convection electric fields in the inner magnetosphere to IMF variations has a remarkable difference in different plasma regions. Convection electric fields quickly (within 5 min) respond to orientation changing of the IMF earthward of the plasma sheet, while quick responses less than 10 min in the electron plasma sheet are identified only for 21% of events. Large time lags are identified in the electron plasma sheet even within the geosynchronous orbit (more than 10 min for 78% of events, and more than 30 min or no response for 65% of events).
[45] The inner edge of the electron plasma sheet is a key to differentiating the time evolution of convection electric fields in the inner magnetosphere.
[46] The electric field and particle signatures clarified in the present study are summarized in Figure 9 . The inner edge of the electron plasma sheet is colocated with the (outer)
plasmapause. The ring current extends into the plasmasphere, and the region 2 FAC flows into the duskside subauroral ionosphere. The convection electric field is localized between the inner edges of the ring current and the electron plasma sheet. Although the L-shell range of the storm-time convection electric field is large ($3 R E ), the spatial relation between the storm-time electric field and plasma boundaries in the dusk is similar to subauroral polarization streams (SAPS) [Anderson et al., 1993] . Statistical studies of electric field distributions during magnetically disturbed periods Nishimura et al., 2007; Matsui et al., 2008] pointed out existence of the localized electric fields in the inner magnetosphere. However, no clear signature was found corresponding to the outer boundary of intense electric fields, while the inner edge was clearly related to the inner edge of the ring current injection. The comparison with electron observations in the present study clarifies that the outer boundary of the intense convection electric field corresponds to the inner edge of the electron plasma sheet populations. The conductivity distribution in the ionosphere is reflected to the electric field distribution in the inner magnetosphere; the electric field is enhanced on the subauroral field lines with low ionospheric conductance compared to in the auroral zone with high conductance.
[47] The time evolution of electric fields is also strongly related to particle boundaries shown in Figure 9 . Convection electric fields quickly respond to IMF variations and the amplitude is well correlated to the solar wind electric field in the inner magnetosphere earthward of the electron plasma sheet, which corresponds to the ring current, plasmasphere and plasma plume region. The quick response of convection electric fields immediately initiates acceleration of energetic particles, which leads to a quick enhancement of the ring current and region 2 FAC.
[48] The response of convection electric fields is much faster than the timescale estimated using the remote-sensing studies [Goldstein et al., 2003; Murakami et al., 2007] . The difference may arise from observation methods. The limitation of remote sensing is the spatial resolution. Spatial resolution of the IMAGE observation is 0.1 R E . A typical flow speed of $0.5 R E /hour indicates that it takes 12 min until the plasmapause moves to an adjacent pixel. In addition to time resolution of 5 min, the spatial resolution restricts to detect quick response of the plasmapause motion. Direct measurements, on the other hand, have the advantage of monitoring in-situ electric fields with a high time resolution. Direct measurements are suitable to detect rapid time variation of electric fields, while the spatial distribution cannot be obtained by a single point measurement.
[49] The simultaneous response of convection electric fields in the ionosphere and inner magnetosphere shown in the present analysis suggests that the electromagnetic energy carrying convection electric fields toward the inner magnetosphere is transmitted from the ionosphere as Alfvén waves propagating along the subauroral magnetic field lines. This process, which is proposed on the basis of ground magnetometer studies [Hashimoto et al., 2002; Kikuchi, 2005] , treats the Poynting flux propagating in the entire ionosphere through the ground-ionosphere waveguide. Part of the Poynting flux escapes out of the magnetosphere along the magnetic field lines as Alfvén waves because of the finite conductivity in the ionosphere. The Poynting flux escaping along the subauroral magnetic field lines is quickly transmitted into the inner magnetosphere. It accounts for the quick response of convection electric fields in the inner magnetosphere. Fieldline convection in the open magnetosphere model [Dungey, 1961] transports electromagnetic energies from the magnetotail toward the inner magnetosphere across the magnetic field. This mechanism may not explain the quick response of electric fields in the inner magnetosphere because electric fields in the electron plasma sheet, upstream of the stream lines, responds $10 min after IMF variations. The Poynting flux associated with convection electric fields will provide direct evidence of the flow of electromagnetic energies supplied from the solar wind into the inner magnetosphere. Multipoint observations in different plasma regions will also be essential for detecting the propagation of electromagnetic energies.
[50] One candidate to explain the slow response of electric fields in the electron plasma sheet is lower Alfvén velocities along the magnetic field lines in the electron plasma sheet than those in the plasmatrough. Pi2 pulsations are a good indicator of field-line resonances of the closed magnetic field lines in the nightside [Rae et al., 2006] . The frequency in the auroral zone identified in their study is 5-9 mHz (2 -3.5 min). It indicates that Alfvén waves propagate between the ionosphere and the magnetic equator in 30-53 s. Although the frequency on auroral field lines is slightly smaller than that at subauroral latitudes ($10 mHz), Alfvén waves can communicate between the ionosphere and magnetosphere within 1 min. The difference in Alfvén speed in the electron plasma sheet and earthward of it cannot explain the slow response in the electron plasma sheet.
[51] The slow response in the electron plasma sheet may also be explained by the ground-ionosphere waveguide model qualitatively. Intensities of the electric field escaping from the waveguide associated with a sudden change in the ionospheric potential are a function of ionospheric conductance [Kikuchi, 2005] . The electric field in the topside auroral ionosphere, where the conductivity is more than one order of magnitude higher than the subauroral ionosphere, will be about one order of magnitude smaller than that in the topside ionosphere on subauroral field lines. The initial response of the electric field in the electron plasma sheet transmitted along the magnetic field lines will also be much smaller than electric fields earthward of the electron plasma sheet. A large time lag of $10 min may indicate the arrival of plasma convection in the Dungey cycle. The plasma flow in the lobe reaches the nightside reconnection region, and is converted as earthward flows. The length of this energy transmission route is much longer than the energy transmission from the ionosphere as Alfvén waves. The two different responses of large-scale electric fields in the magnetosphere may correspond to the two different propagation paths of electromagnetic energies, which are responsible for changes in convection electric fields in the magnetosphere.
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